The hypoxic cartilaginous growth plate is rich in extracellular matrix (ECM). Results: Expression of the key enzymes in ECM synthesis, the collagen prolyl 4-hydroxylases (C-P4Hs), is induced specifically by hypoxia-inducible factor 1. Conclusion: Hypoxia inducibility of C-P4Hs ensures sufficient C-P4H activity in hypoxic chondrocytes. Significance: Quantitative regulation of C-P4H may be a key modality by which hypoxia influences early chondrocyte survival and differentiation.
Hypoxia-inducible factors (HIFs) are the master regulators of hypoxia-responsive genes. They play a critical role in the survival, development, and differentiation of chondrocytes in the avascular hypoxic fetal growth plate, which is rich in extracellular matrix (ECM) and in its main component, collagens. Several genes involved in the synthesis, maintenance, and degradation of ECM are regulated by HIFs. Collagen prolyl 4-hydroxylases (C-P4Hs) are key enzymes in collagen synthesis because the resulting 4-hydroxyprolines are necessary for the stability of all collagen molecules. The vertebrate C-P4Hs are ␣ 2 ␤ 2 tetramers with three isoforms of the catalytic ␣ subunit, yielding C-P4Hs of types I-III. C-P4H-I is the main form in most cells, but C-P4H-II is the major form in chondrocytes. We postulated here that post-translational modification of collagens, particularly 4-hydroxylation of proline residues, could be one of the modalities by which HIF regulates the adaptive responses of chondrocytes in fetal growth plates. To address this hypothesis, we used primary epiphyseal growth plate chondrocytes isolated from newborn mice with conditionally inactivated genes for HIF-1␣, HIF-2␣, or the von Hippel-Lindau protein. The data obtained showed that C-P4H ␣(I) and ␣(II) mRNA levels were increased in hypoxic chondrocytes in a manner dependent on HIF-1 but not on HIF-2. Furthermore, the increases in the C-P4H mRNA levels were associated with both increased amounts of the C-P4H tetramers and augmented C-P4H activity in hypoxia. The hypoxia inducibility of the C-P4H isoenzymes is thus likely to ensure sufficient C-P4H activity for collagen synthesis occurring in chondrocytes in a hypoxic environment.
The development, maintenance, and function of cartilage all occur in a hypoxic environment, and thus chondrocytes are adapted to functioning at low oxygen concentrations. Hypoxiainducible factors (HIFs) 4 are the master regulators of a complex homeostatic response that allows cells to survive in a hypoxic environment; this response also includes regulation of extracellular matrix (ECM) genes, among numerous others (1) (2) (3) . HIFs are ␣␤ heterodimers in which the stability and activity of the ␣ subunit is regulated in an oxygen-dependent manner by HIF prolyl 4-hydroxylases (HIF-P4Hs, also known as PHDs) (2, 4) . The 4-hydroxyproline residues formed by the HIF-P4Hs are required for the binding of HIF-␣ to the von Hippel-Lindau (VHL) E3 ubiquitin ligase complex and its rapid subsequent proteasomal degradation in normoxia. Under hypoxic conditions this oxygen-requiring hydroxylation is inhibited, and HIF-␣ escapes degradation and dimerizes with HIF-␤. The dimer is then translocated into the nucleus and becomes bound to the HIF-responsive elements present in a number of hypoxia-regulated genes. HIF-␣ has three isoforms in the human, mouse, and rat, of which HIF-1␣ and HIF-2␣ have been the most extensively studied (5) .
Analysis of genetically modified mice has demonstrated that HIF-1␣ is essential for the survival of chondrocytes in the hypoxic growth plates of developing bone in vivo (6) . A lack of HIF-1␣ in growth plate chondrocytes results in massive cell death, particularly in the center of the developing growth plate, delayed chondrogenesis, and shortening of the long bones (6, 7) . Notably, HIF-1␣ has been shown to be required for the maintenance of anaerobic glycolysis, and thereby ECM synthesis, in the epiphyseal chondrocytes of mice (8) . Likewise, conditional inactivation of VHL in chondrocytes causes severe dwarfism, with a reduced chondrocyte proliferation rate, apparent increase in ECM, and the presence of atypical large cells within the resting zone of the growth plates (9) . HIF-2␣ has recently been implicated as a regulator of endochondral ossification during skeletal growth via the induction of chondrocyte hypertrophy, cartilage degradation, and vascular invasion (10) . Furthermore, expression of HIF-2␣ is increased in both human and mouse osteoarthritic cartilage, which is consistent with the notion that this transcription factor is involved in the pathological destruction of cartilage (11) . On the other hand, endochondral bone development is only transiently delayed in HIF-2␣ heterozygous mice and in mice where HIF-2␣ is conditionally inactivated in the limb bud mesenchyme (10, 12) .
The genes for the major cartilage matrix collagens, types II and IX, are not direct HIF targets, but hypoxia appears to upregulate their expression in a SOX9-dependent manner, at least in human articular chondrocytes (13, 14) . Notably, both HIF-1␣ and HIF-2␣ have been implicated in the hypoxic induction of SOX9 in human articular chondrocytes, although, based on siRNA experiments, HIF-2␣ but not HIF-1␣ seems to be essential for this induction (13) (14) (15) . Continuing along these lines, inhibition of HIF-P4H-2, the major enzyme targeting HIF-␣ for proteasomal degradation under normoxic conditions, enhances matrix synthesis by human articular chondrocytes via the stabilization of HIF-2␣ and induction of SOX9 (16) .
The collagen prolyl 4-hydroxylases (C-P4Hs, EC 1.14.11.2) catalyze the formation of 4-hydroxyproline through the hydroxylation of proline residues in -Xaa-Pro-Gly-sequences in collagens and in more than 20 other proteins with collagenlike sequences (17, 18) . Thus, they have an essential role in the synthesis of all collagens, as the resulting 4-hydroxyproline residues are necessary for the folding of the newly synthesized collagen polypeptide chains into stable triple-helical molecules (17, 18) . The vertebrate C-P4Hs are ␣ 2 ␤ 2 tetramers in which the enzyme and chaperone protein disulfide isomerase (PDI) serves as the ␤ subunit (17, 18) . Three isoforms of the catalytic ␣ subunit have been identified and shown to form (␣(I)) 2 ␤ 2 , (␣(II)) 2 ␤ 2 , and (␣(III)) 2 ␤ 2 tetramers with PDI, yielding the type I, II, and III C-P4Hs, respectively (19 -22) . The C-P4H ␣ subunit mRNAs are expressed in a variety of human and mouse cell types and tissues, including chondrocytes and cartilage, expression of the ␣(III) subunit mRNA generally being at a much lower level than that of the ␣(I) and ␣(II) mRNAs (19 -21) . At the protein level, C-P4H-I is the main form in most cells, whereas C-P4H-II is the main form in chondrocytes, osteoblasts, endothelial cells, and certain other cell types (20, 23) . Hypoxia has been shown to induce the expression of the mRNAs encoding for C-P4H ␣(I) and ␣(II) in various cell types (3), including primary human articular chondrocytes (24) .
Regulation of the prolyl 4-hydroxylation of collagens may be one of the modalities by which HIF controls chondrocyte survival and differentiation. To establish the effects of hypoxia on C-P4H expression and activity and their HIF dependence, we made use here of epiphyseal growth plate chondrocytes isolated from newborn mice with conditionally inactivated genes for HIF-1␣, HIF-2␣, or VHL, respectively. Using this experimental model, we were able to demonstrate that the levels of mRNAs encoding for the C-P4H ␣(I) and ␣(II) subunits are increased by approximately 2.5-6-fold in hypoxic newborn growth plate chondrocytes and that this increase is exclusively dependent on HIF-1␣. Increased amounts of C-P4H-I and C-P4H-II tetramers are associated with these changes at the mRNA level and with augmented C-P4H activity in hypoxia. The hypoxia inducibility of the C-P4H isoenzymes is thus likely to ensure sufficient C-P4H activity for collagen synthesis occurring in growth plate chondrocytes in a hypoxic environment.
EXPERIMENTAL PROCEDURES
Chondrocyte Isolation and Culture-Chondrocytes were isolated from newborn conditional Vhl
f/f mice, as described previously (8, 9) . In brief, the forelimbs and hindlimbs were dissected and the soft tissue carefully removed. The epiphyses were microdissected and placed in Hanks' Balanced Salt Solution (Invitrogen). They were then digested in 0.25% trypsin containing EDTA for 30 min at 37°C (without Ca 2ϩ and Mg 2ϩ ) followed by digestion with 195 units/ml collagenase type 2 (Worthington) in Hanks' Balanced Salt Solution. The chondrocytes were plated at a density of 4 ϫ 10 5 cells/well in 6-well plates and grown in monolayer cultures in high glucose DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin/streptomycin. On day 1 after plating, the adherent chondrocytes were infected with an adenovirus encoding either ␤-galactosidase (␤-gal) or Cre recombinase to create control or VHL, HIF-1␣, or HIF-2␣ knock-down cells, respectively (multiplicity of infection 1:400). These cells were incubated with adenovirus-containing medium for 24 h, and on day 10 they were exposed to 1% (hypoxic) O 2 for 8 -72 h in a three-gas incubator (Binder) or cultured under normoxic conditions (21% O 2 ) for the same length of time. Biological triplicates or duplicates were used for these experiments, and the medium was changed every other day.
Quantification of Genomic Efficiency of Deletion-Deletion of Vhl, Hif-1a, or Hif-2a was confirmed by quantitative realtime PCR (qPCR) analysis of the genomic DNA, as described previously (8, 9) . Loss of the conditional Vhl allele was measured using the forward primer 5Ј-CTAGGCACCGAGCT-TAGAGGTTTGCG-3Ј and the reverse primer 5Ј-CT-GACTTCCACTGATGCTTGTCACAG-3Ј. The Hif-1a gene was amplified as an internal control using the forward primer 5Ј-TGATGTGGGTGCTGGTGTC-3Ј and the reverse primer 5Ј-TTGTGTTGGGGCAGTACTG-3Ј. Loss of the conditional Hif-1a alleles was measured using the above primers. The Vhl gene was amplified as an internal control, also using the above primers. Loss of the Hif-2a allele was measured using the forward primer 5Ј-CAGGCAGTATGCCTGGCTAATTCCA-GTT-3Ј and the reverse primer 5Ј-CTTCTTCCATCATCTGGG-ATCTGGGACT-3Ј. As above, the Vhl gene was amplified as an internal control. 
Isolation of Total RNA, RT-PCR, and qPCR-Chondrocytes
isolated from the growth plates of newborn mice were lysed with RNA-Bee (Tel-Test) directly in 6-well plates. The cell lysate was then transferred to a tube and supplemented with chloroform. The tubes were centrifuged at 14,000 ϫ g for 10 min at 4°C. After carefully pipetting the aqueous phase, RNA was precipitated with isopropyl alcohol. After a 13,000 ϫ g spin, the RNA pellet was washed in 70% ethanol. The RNA yield was determined spectrophotometrically. A digestion step with DNase I (Qiagen) was introduced to avoid genomic DNA interference with the PCRs. For reverse transcription, the Omniscript First-strand Synthesis System with random nanomer primers was used according to the manufacturer's instructions (Qiagen).
cDNAs from triplicate wells of two or three independent experiments were amplified by standard qPCR using SYBR Green mix (Qiagen) and specific primers (Table 1 ). 18 S rRNA was amplified as an internal control. The relative amounts of mRNA were normalized to 18 S rRNA and calculated with the software program Microsoft Excel. Relative mRNA contents were calculated as x ϭ 2 Ϫ⌬⌬Ct , where ⌬⌬Ct ϭ ⌬E Ϫ ⌬C, ⌬E ϭ Ct sample Ϫ Ct 18S and ⌬C ϭ Ct control Ϫ Ct 18S . The efficiency of deletion of Vhl, Hif-1a, or Hif-2a was confirmed at the mRNA level by qPCR using the primers listed in Table 1 . Identity of the PCR products was confirmed by agarose gel electrophoresis and by direct sequencing.
Western Blotting, C-P4H Activity Assays, and Analysis of 4-Hydroxyproline Formation-Chondrocytes isolated from the growth plates of newborn mice were lysed on ice in a buffer containing 137 mM NaCl, 20 mM Tris-HCl, pH 8, 10% glycerol, 1% Nonidet P-40, 2 mM EDTA, and protease inhibitors (Roche Applied Science). EDTA was excluded from the preparation of the samples used in the C-P4H activity measurements. Protein concentrations were determined by the Bradford method (BioRad Protein Assay). 40-g aliquots of the lysates were analyzed by 8% SDS-PAGE under reducing conditions followed by Western blotting with a HIF-1␣ antibody (NB100-479; Novus Biologicals). To be able to detect HIF-2␣ in Western blots, the remaining lysates after taking aliquots for the C-P4H analyses were pooled, and 70 g of the pool was analyzed by 8% SDS-PAGE followed by Western blotting with a HIF-2␣ antibody (AF2997; R&D Systems). Antibodies against ␣-tubulin (SigmaAldrich) or ␤-actin (AC-15; Novus Biologicals) were used as loading controls. Alternatively, samples were analyzed by 8% nondenaturing PAGE followed by Western blotting with polyclonal antibodies generated by Innovagen against purified recombinant peptide-substrate-binding domains of the human C-P4H ␣(I) and ␣(II) subunits (25), respectively. Signals were detected with the addition of ECL (Amersham Biosciences). To control for the isoenzyme specificity of the C-P4H antibodies, recombinant human and mouse C-P4H-I and C-P4H-II tetramers were expressed in insect cells by coexpressing the different ␣ subunits with the human PDI/␤ subunit, and Triton X-100-soluble fractions of the cell lysates were analyzed by nondenaturing PAGE followed by Western blotting, as described previously (20) .
The C-P4H activity/g of protein of the chondrocyte lysates was analyzed by a method based on the formation of 4-hydroxy[
14 C]proline in a [ 14 C]proline-labeled substrate consisting of nonhydroxylated procollagen polypeptide chains (26) . The C-P4H activity of the insect lysates expressing recombinant human and mouse C-P4H-I and C-P4H-II tetramers was analyzed by a method based on the hydroxylation-coupled decarboxylation of 2-oxo [1- 14 C]glutarate (26) . The same method was used to study the activity of purified recombinant human C-P4H-I (27) under hypoxic conditions. The enzyme preparation and reaction components were stabilized, and the C-P4H reactions were carried out in 1% O 2 , 5% CO 2 , and 94% N 2 in an In vivo 2 400 hypoxic work station (Ruskin Technologies).
To study formation of 4-hydroxyproline Hif-1a f/f chondrocytes isolated from the growth plates of newborn mice were cultured in the presence of 0.1 mM ascorbate and infected with an adenovirus encoding either ␤-gal or Cre recombinase as described above. On day 10 the cells were exposed to hypoxia (1% O 2 ) for 24 h, or the culture was continued in normoxia in the presence of 30 Ci of L- [2, 3, 4, H]proline (PerkinElmer Life Sciences). Cell lysates were prepared as described above, and medium samples were collected from two independent experiments. The amount of 4-hydroxy [ 3 H]proline formed in nondialyzable protein was determined with a radiochemical method after acid hydrolysis of the samples (28) relative to total protein content of the cell lysates determined by the Bradford method.
ELISA Analysis of VEGF Protein-The amount of VEGF in the culture medium was determined using the mouse VEGF ELISA kit (R&D Systems) as described previously (8) . Briefly, cell culture medium from Hif-1a f/f newborn growth plate chondrocytes transduced with ␤-gal or Cre recombinase as described above and exposed to 21% O 2 or 1% O 2 for 24 h was 
a F, forward; R, reverse. 
Hypoxic Induction of Collagen Prolyl 4-Hydroxylases

RESULTS
Expression of P4ha1 and P4ha2 mRNAs Is Increased in Hypoxic Newborn Mouse Epiphyseal Growth Plate
Chondrocytes-To study the effect of hypoxia and the roles of the key regulators of the hypoxia response pathway, VHL, HIF-1, and HIF-2, on the expression of C-P4Hs in chondrocytes, primary chondrocytes were isolated from the epiphyseal growth plates of newborn Vhl f/f , Hif-1a f/f , and Hif-2a f/f mice and cultured in a monolayer. At day 10 they were exposed to 1% O 2 (hypoxia) or cultured further in 21% O 2 (normoxia) for 8 h.
RT-PCR analysis of the chondrocytes cultured in normoxia showed that they expressed mRNAs encoding the pro␣1 chain of type II collagen (Col2a1) and aggrecan, proteins characteristic of proliferating chondrocytes, thus confirming their phenotypic identity (Fig. 1) . Moreover, as reported previously (7), these cells also had detectable levels of mRNAs for vascular endothelial growth factor-A (Vegfa) and glucose transporter type I (Glut1), two well characterized HIF target genes (Fig. 1) . Finally, RT-PCR analysis provided evidence that the primary chondrocytes expressed mRNAs for the catalytic ␣(I) and ␣(II) subunits of the C-P4H isoenzymes I and II (P4ha1 and P4ha2), respectively (Fig. 1) . This finding is in agreement with our previously published microarray data set generated using fetal metatarsal cultures (9) .
Exposure to hypoxia for 8 h led to an approximately 3-3.5-fold increase in the expression of the P4ha1 mRNA in the Hif1a
f/f and Hif-2a f/f growth plate chondrocytes infected with the control adenovirus encoding ␤-gal, a 2.5-5.5-fold increase being seen in the case of the P4ha2 mRNA (Fig. 2, A and B) . As reported previously (7, 9) , acute hypoxia did not increase the expression of Col2a1 mRNA (Fig. 2, A and B) . Conversely, it significantly increased the expression of the Vegfa and Glut1 mRNAs by approximately 10 -25-fold (Fig. 2, A and B) . Inactivation of VHL Increases the Expression of P4ha1 and P4ha2 mRNAs-We then asked whether a lack of VHL with consequent stabilization and activation of HIF-1␣ and HIF-2␣ mimics the effects of hypoxia in chondrocytes. For this purpose, primary chondrocytes were isolated from newborn epiphyseal growth plates of Vhl f/f mice, cultured in a monolayer in normoxia, and transduced at day 1 after plating with adenoviruses producing either ␤-gal or Cre recombinase to generate control and VHL knock-down chondrocytes, respectively. The excellent efficiency of Vhl deletion (Ͼ80%) was confirmed by analyses of both total RNA (Fig. 2C ) and genomic DNA (Fig. 3) isolated at day 10.
Like hypoxia, a lack of VHL up-regulated the P4ha1 and P4ha2 mRNA levels by approximately 2-3-fold and those of the Vegfa and Glut1 mRNAs by approximately 10-and 3-fold, respectively (Fig. 2C ). This indicates that the hypoxia-induced increase in P4ha1 and P4ha2 mRNA levels is likely to be dependent on HIF-1␣ or HIF-2␣, or both. Interestingly, expression of Col2a1 mRNA was modestly, though significantly, reduced in the cells in which VHL had been knocked down (Fig.  2C ). This finding differs from what we have observed previously in VHL knock-down newborn mouse growth plate chondrocytes that had been cultured for a shorter period of time (9), but it is consistent with a detectable change in the shape of these cells, which had a fibroblastoid appearance at day 10 rather than the classical cobblestone morphology of the control chondrocytes (data not shown).
HIF-1 but Not HIF-2 Is Responsible for the Hypoxia Inducibility of the P4ha1 and P4ha2 mRNAs-We next studied whether the hypoxia-induced increase in P4ha1 and P4ha2 mRNAs is dependent on HIF-1␣ or HIF-2␣. For this purpose, primary chondrocytes were isolated from growth plates of newborn Hif1a f/f and Hif-2a f/f mice, cultured in a monolayer, and transduced with adenoviruses producing either ␤-gal or Cre recombinase, as above, to generate control, HIF-1␣ and HIF-2␣ knock-down chondrocytes. At day 10 the cells were exposed to hypoxia for 8 h or maintained under normoxic culture conditions. The excellent efficiency of deletion of the Hif-1a and Hif-2a genes (at least 70%) was confirmed by analyses of total RNA (Fig. 2, A and B) and genomic DNA (Fig. 3) .
A lack of HIF-1␣ completely abolished the hypoxia-induced up-regulation of both P4ha1 and P4ha2 mRNAs ( Fig. 2A) , whereas a lack of HIF-2␣ had no significant effect on the upregulation of these two transcripts under hypoxic conditions (Fig. 2B) . These findings indicate that the increase in P4ha1 and P4ha2 mRNAs observed in hypoxia is exclusively dependent on HIF-1␣ in the newborn mouse growth plate chondrocytes. To confirm the downstream efficacy of HIF-1␣ and HIF-2␣ inactivation, the expression of known target genes was analyzed. The hypoxia-induced expression of Vegfa and Glut1 mRNAs was significantly down-regulated in hypoxic HIF-1␣ knockdown chondrocytes relative to controls ( Fig. 2A) , in agreement with previous observations (7). This was further verified by analyzing the VEGF protein level in the cell culture medium. Exposure to 1% O 2 for 24 h led to a 2.6 Ϯ 0.1-fold increase in VEGF accumulation in the cell culture medium isolated from Hif-1a f/f newborn growth plate chondrocytes transduced with Bgal compared with normoxic cells, whereas the increase was only 1.87 Ϯ 0.09-fold in cells lacking HIF-1␣. Inactivation of HIF-2␣ in chondrocytes had no significant effect on the hypoxia-induced increase in Glut1 mRNA, which is known to be regulated exclusively by HIF-1␣, at least in Hep3B and Kelly cells (29) , or on Vegfa mRNA, the hypoxia inducibility of which has been reported to be dependent on both HIF-1␣ and HIF-2␣ in other cell types (30) (Fig. 2B) . By contrast, inactivation of HIF-2␣ markedly inhibited the hypoxic induction of erythropoietin mRNA (Epo) (Fig. 2B ). Epo has recently been shown to be expressed in the chondrocytes of developing porcine cartilage (31) , and HIF-2␣ is known to be the critical isoform in the regulation of its expression (32, 33) . The lack of HIF-1␣ or HIF-2␣ had no effect on Col2a1 mRNA levels in normoxia or hypoxia, which is in accordance with the lack of Col2a1 mRNA induction by hypoxia (Fig. 2, A and B) .
The Hypoxia-induced Increases in the Expression of P4ha1 and P4ha2 mRNAs Are Associated with Similar Increases in the Accumulation of C-P4H-I and C-P4H-II Tetramers-
To study whether the above hypoxia-related changes in the expression of P4ha1 and P4ha2 mRNAs are concomitant with similar changes at the protein level, we analyzed C-P4H tetramer formation and C-P4H activity in the above growth plate chondrocytes isolated from newborn mice. To study the assembly of active C-P4H tetramers, we used novel polyclonal antibodies generated against recombinant peptide-substrate-binding domains of the human C-P4H ␣(I) and ␣(II) subunits (25) . We first analyzed the isoenzyme specificity and sensitivity of the C-P4H antibodies by expressing recombinant human and mouse C-P4H-I and C-P4H-II tetramers in insect cells (20) . The amounts of the two isoenzymes in the insect cell samples were estimated based on an analysis using 8% nondenaturing PAGE followed by Coomassie Blue staining and measurement of C-P4H activity (Fig. 4A) . Approximately equal amounts of the recombinant human C-P4H-I and C-P4H-II (C-P4H activities 17,630 and 21,460 dpm, respectively) and mouse C-P4H-I and C-P4H-II (C-P4H activities 9,030 and 7,470 dpm, respectively) (Fig. 4A) were then run on 8% denaturing PAGE followed by ECL Western blotting with the ␣(I) and ␣(II) subunit antibodies (Fig. 4B) . Because similar staining intensities were obtained for the two isoenzymes with 1:100 and 1:500 -1,000 dilutions of antibodies to the ␣(I) and ␣(II) subunits, respectively (Fig. 4B) , these dilutions were used in the subsequent analyses of the chondrocyte samples. The ␣(II) antibody is specific for the C-P4H-II isoenzyme, whereas the ␣(I) antibody shows some cross-reactivity with the C-P4H-II isoenzyme (Fig.  4B) . It must also be noted that the antibodies demonstrate similar affinity for the recombinant human and mouse C-P4H isoenzymes, the weaker staining of the mouse isoenzymes ( Fig.  4B ) being due to the fact that their expression levels in insect cells were only approximately 30 -50% of those of the corresponding human ones (Fig. 4A) .
The Hif-1a
, Hif-2a f/f , and Vhl f/f growth plate chondrocytes were cultured and transduced with the adenoviruses as above and then exposed to hypoxia for 8 or 24 h at day 10. Protein lysates of the chondrocytes were then analyzed by nondenaturing PAGE followed by Western blotting with the optimized C-P4H-I and C-P4H-II antibodies. In the control cells infected with the ␤-gal-producing adenovirus, the amounts of the C-P4H-I and C-P4H-II tetramers were found to be increased relative to normoxia in all three cell types after 8 or 24 h of exposure to hypoxia (Fig. 5, A-C) . Inactivation of HIF-1␣ completely abolished the hypoxia-induced accumulation of the C-P4H-I and C-P4H-II tetramers (Fig. 5A) , whereas inactivation of HIF-2␣ had no effect (Fig. 5B) . Inactivation of VHL led to robust accumulation of C-P4H-I and C-P4H-II already in normoxia, and exposure to hypoxia did not lead to any further increases in the amounts of the C-P4Hs in the VHL knockdown chondrocytes (Fig. 5C ). The efficacies of the Cre recombinase-mediated HIF-1␣, HIF-2␣, and VHL deletions were verified by SDS-PAGE analysis followed by Western blotting with an antibody recognizing HIF-1␣ or HIF-2␣. The Cre recombinase-expressing Hif-1a f/f cells showed no accumulation of HIF-1␣ in hypoxia (Fig. 5A) , whereas in Cre recombinase-expressing Vhl f/f cells HIF-1␣ was no longer targeted for proteasomal degradation but was stabilized already in normoxia (Fig.  5C) . Similarly, no accumulation of HIF-2␣ was detected in the Cre recombinase-expressing Hif-2a f/f cells in hypoxia (Fig. 5B) . Unfortunately, the quality of HIF-2␣ antibodies available was not sufficient for the detection of HIF-2␣ from individual chondrocyte lysates after taking aliquots for the C-P4H assays, and therefore analysis is shown from a pool of lysates. It must also be noted that the Western blots shown in Fig. 5 , A-C, are representatives of three independent experiments, and quantitation of the data is given below via determination of the amount of C-P4H activity formed (representing the amount of C-P4H tetramers) in the different conditions.
The quantity of active C-P4H tetramers assembled in the Hif-1a f/f , Hif-2a f/f , and Vhl f/f growth plate chondrocytes was further studied by analyzing the amount of C-P4H activity (Fig.  6 ). Chondrocytes were cultured and infected with the adenoviruses as above and subjected to 24 -72 h of hypoxia on day 10.
The C-P4H activity of the cell lysates was then analyzed by a method based on the formation of 4-hydroxy[
14 C]proline in a [ 14 C]proline-labeled substrate consisting of nonhydroxylated procollagen polypeptide chains (26) . As the enzyme reaction is carried out under normoxic conditions, the activity generated exclusively reflects the quantity of active C-P4H tetramers assembled in the live cells, which thus serves as a surrogate for the quantity of C-P4H tetramers in these cells (see below). The amount of activity was increased ϳ3-fold in the hypoxiatreated Hif-1a f/f , Hif-2a f/f , and Vhl f/f chondrocytes that had been transduced with ␤-gal-producing adenovirus (Fig. 6) . Inactivation of HIF-1␣ markedly reduced the hypoxia-induced increase in the amount of C-P4H activity, whereas inactivation of HIF-2␣ had no effect (Fig. 6) . Inactivation of VHL led to an increased amount of C-P4H activity in normoxia (Fig. 6) .
The Decreased Specific Activity of C-P4H in Hypoxia Is Partially Compensated for by the Hypoxia-induced Increase in the Quantities of C-P4H
Tetramers-The C-P4Hs require oxygen for their reaction, the reported K m value of C-P4H-I for O 2 being 20 M (34, 35), which is probably higher than the O 2 concentration in the hypoxic environment of growth plate chondrocytes. To study whether the observed hypoxia-induced increase in the C-P4H tetramers is of biological relevance under hypoxic conditions, we assessed the activity of a recombinant human C-P4H-I in 1% O 2 . The amount of C-P4H activity generated in 1% O 2 was only approximately 15% of that generated by the same quantity of enzyme in normoxia (Fig. 7) , whereas a 2-6-fold increase in the amount of C-P4H tetramer increased the C-P4H activity generated in 1% O 2 to approximately 20 -50% of that in normoxia (Fig. 7) . Thus, the hypoxia-induced reduction in C-P4H activity is partially compensated for by a hypoxia-induced increase in C-P4H tetramers. This illustrates the delicate balance maintained by chondrocytes in their hypoxic environment and the compensation that must occur to allow for critical enzyme activity, effective production of ECM, and subsequent cellular stability.
This aspect was studied further by analyzing the effect of hypoxia in the presence or absence of HIF-1␣ on the synthesis of 4-hydroxyproline in the primary newborn mouse growth plate chondrocytes. The cells were cultured in the presence of [ 3 H]proline, and collagen synthesis was analyzed by radiochemical determination of the amount of 4-hydroxy[
3 H]-proline formed in nondialyzable proteins, i.e. mainly collagens, of the cell lysates and culture media (28) . Hypoxia caused a 63 and 47% reduction in the amount of 4-hydroxyproline in the cell lysates and a 26 and 43% reduction in the culture media in two independent experiments ( Table 2 ). The reduction was markedly aggravated upon inactivation of HIF-1␣, being 94 and 67% in the lysates and 72 and 71% in the culture media (Table  2) . Thus, HIF-1 activity plays an important role in the regulation collagen prolyl 4-hydroxylation capacity in hypoxia.
DISCUSSION
The expression of several genes involved in the synthesis, maintenance, and degradation of ECM has been shown to be up-regulated by hypoxia, including those encoding the C-P4Hs, lysyl hydroxylases, and lysyl oxidases, enzymes that are required in collagen synthesis and thus for the proper forma- tion of the ECM (3, 17, 18) . Specifically, the mRNAs encoding the C-P4H ␣(I) and ␣(II) subunits are up-regulated by hypoxia in a variety of cell types, including primary human articular chondrocytes. Typical increases have been reported to be 2-8-fold, and figures as high as approximately 30-fold have been quoted (3, 9, 24, 36 -39) . Hypoxia also leads to increased accumulation of C-P4H ␣(I) protein (36) . However, accumulation of the ␣(I) protein does not necessarily indicate that the amount of active C-P4H tetramers is increased. Because O 2 is an essential substrate for the C-P4Hs, a hypoxia-induced increase in their amount is likely to be of special importance in hypoxic tissues that are active in collagen synthesis. The avascular developing cartilage is an example of such a tissue. We show here that the expression of P4ha1 and P4ha2 mRNAs is increased approximately 2-6-fold in primary newborn mouse growth plate chondrocytes. More importantly, we demonstrate for the first time that these hypoxia-induced increases are associated with similar increases in C-P4H-I and C-P4H-II tetramers and in C-P4H activity and that they are completely dependent on HIF-1 and not on HIF-2. Furthermore, we show that inactivation of HIF-1 leads to a marked reduction in the collagen prolyl 4-hydroxylation capacity in hypoxic chondrocyte cultures.
A functional hypoxia-responsive element has been identified in the gene encoding C-P4H ␣(I), approximately 120 bp upstream of the transcription start site, and HIF-1␣ has been shown to bind to this site (36) . Consistent with these findings, no hypoxic induction of P4ha1 and P4ha2 mRNAs was detected in a mutant mouse hepatoma cell line lacking HIF-1 (37) . Moreover, chromatin immunoprecipitation analysis using a human breast cancer cell line has identified high stringency HIF-1 binding sites in the genes encoding the C-P4H ␣(I) and ␣(II) subunits, whereas a HIF-2 binding site was identified only in the gene encoding the ␣(I) subunit (40) . Altogether, these data indicate that it is HIF-1 that is mainly responsible for the hypoxic up-regulation of C-P4Hs.
An analysis of genetically modified mice has demonstrated that a lack of HIF-1␣ in growth plate chondrocytes leads to a dramatic shortening of the limbs (6). HIF-1␣-null chondrocytes undergo massive cell death, particularly in the center of the developing growth plate, and timely differentiation of chondrocytes is impaired (9) . Altogether, these findings indicate that HIF-1␣ is essential for the survival and differentiation of hypoxic chondrocytes in vivo (6, 9) . HIF-1␣ can elicit its role as a survival and differentiation factor in hypoxic chondrocytes by several mechanisms, e.g. via the regulation of VEGF-A expression and metabolic pathways (41, 42) . Our data show that HIF-1␣ up-regulates the amounts of the C-P4Hs I and II in hypoxic newborn mouse growth plate chondrocytes and is thus -1a (A), Hif-2a (B) , and Vhl (C) floxed chondrocytes. The Hif-1a f/f , Hif-2a f/f , and Vhl f/f chondrocytes were cultured in a monolayer and transduced on day 1 after plating with adenoviruses producing either ␤-galactosidase or Cre recombinase. On day 10 the cells were exposed to 1% O 2 for 8 or 24 h, or the culture was continued in normoxia. Total cell lysates were analyzed by 8% nondenaturing PAGE followed by Western blotting with antibodies against the C-P4H ␣(I) and ␣(II) subunits. The accumulation of HIF-1␣ (A and C) and HIF-2␣ (B) was studied by 8% SDS-PAGE followed by Western blotting with an antibody recognizing HIF-1␣ or HIF-2␣, respectively. In the latter case the lysates from cells cultured in 1% O 2 for 24 -72 h were pooled for analysis. ␣-Tubulin or ␤-actin was used as a loading control. The lanes in the C-P4H-II and HIF-1␣ panel in C were regrouped from different parts of the same Western blot.
likely to improve the efficiency of the prolyl 4-hydroxylation of collagen polypeptides in the developing growth plate. Regulation of collagen prolyl 4-hydroxylation may therefore be an additional mechanism by which HIF-1␣ operates as a survival and differentiation factor in growth plate chondrocytes, as proper ECM accumulation is not only essential for organ development as such but also promotes cell differentiation and survival through specific cell-matrix interactions (43, 44) .
Our data show that HIF-2 has no role in the hypoxic up-regulation of C-P4Hs in newborn mouse growth plate chondrocytes. This is an interesting finding, as a complete lack of HIF-2 in the mouse limb bud mesenchyme was recently shown to cause only a moderate and transient delay in endochondral bone development, most probably due to modest impairment of the differentiation of hypertrophic growth plate chondrocytes into late hypertrophic cells (12) . Therefore, in contrast to HIF-1, the role of HIF-2 is not crucial for growth plate development. Instead, HIF-2 has been shown to be vital for homeostasis of the mouse articular cartilage surface, at least partially by regulating the genes for collagen X, matrix metalloproteinase 13, and VEGF-A (10, 11). Furthermore, HIF-2 induces a number of catabolic factors involved in cartilage destruction and is thus likely to be involved in the development of osteoarthritis (10, 11) .
Altogether, our current data indicate that the C-P4Hs are likely to be key HIF-1 targets required for proper cartilage and Cre HIF-1a f/f , hypoxia 33 29 bone development. It will thus be important to study the individual roles of the C-P4H I and II isoenzymes in endochondral bone development in vivo.
